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This paper is based on findings resulting from ASHRAE Research Project RP-1128.
ABSTRACT 
This paper summarizes results from an experiment 
designed to investigate the combined effects of noise and 
temperature on human thermal comfort and task performance. 
Thirty subjects (16 females, 14 males) were exposed to all 
combinations of five thermal conditions (PMV +1 
[79.6°F:26.4°C], PMV +0.5 [75.8°F:24.3°C], PMV 0 
[72.1°F:22.3°C], PMV -0.5 [68.3°F:20.2°C], and PMV -1 
[64.6°F:18.1°C]), three RC noise levels (RC-30, RC-40, and 
RC-50), and two sound qualities (neutral and rumbly): all 
sounds mimicked noise from building ventilation systems. After 
a one-hour adaptation period at each condition, subjects rated 
their thermal comfort using the ASHRAE Thermal Comfort 
Scale and the Tenant Survey Questionnaire, and then 
completed typing and number-checking tasks. There were no 
statistically significant effects of thermal condition, RC level, 
or sound quality on performance of the typing or number-
checking tasks. Statistical analyses showed that thermal 
comfort was affected by RC noise level, while ratings of build-
ing or office noise were not affected by the ambient tempera-
ture. There were also differences in the way males and females 
experienced the thermal and acoustical environments. 
Females rated lower temperatures colder than males, and 
higher temperatures more pleasant than males: thermal 
comfort composite ratings from males and females converged 
at about 72°F (22°C). 
INTRODUCTION
Most of our time is spent inside buildings of one type or 
another, be they residential, commercial or industrial structures. 
The indoor environments in all these spaces will influence occu-
pant health, comfort and productivity. Effective design and 
operation of buildings to support human activity requires under-
standing of the relationships between indoor environment 
parameters and human perception and performance.
Numerous investigators working in a variety of contexts 
and industries have examined relationships between satisfac-
tion and performance, and single indoor environmental 
parameters (e.g., acoustics, thermal comfort, ventilation, and 
lighting). In general, this work has established that poor light-
ing, noisy work areas, and/or excessively warm or cold 
temperatures, can and will compromise productivity and satis-
faction compared to more comfortable services and facilities 
(e.g., Banbury & Berry 1998; Bradley 2003; Braeger & 
deDear 1998; Clausen et al. 1993; Fanger 1973; Fanger et al. 
1980, 1989; Hancock & Pierce 1985; Holmberg et al. 1993; 
Jones & Broadbent 1998; Kok et al. 1982; Kryter 1985; Kyria-
kides & Leventhall 1977; Landström et al. 1991, 2002; Lewis 
et al. 1983; Leventhall et al. 2003; Lundquist et al. 2000; 
Meese et al. 1982, 1984; Muzammil & Hasan 2004; Pellerin 
& Candas 2003; Persson Waye et al. 2001; Persson Waye et al. 
1997; Rea 1986; Rohles 1973; Rohles & Nevins 1971; Saeki 
et al. 2004; Santos & Gunnarson 1997; Shitzer et al. 1978; 
Veitch & Newsham 1998; Wyon 1974; Wyon & Sandberg 
1996; Wyon et al. 1972, 1979, 1975, 1978, 1982).
Design recommendations based on these findings have 
been promulgated by the relevant professional societies (e.g., 
ASHRAE 1999, 2004, 2005, 2007; CIE 1986, 1995; IESNA 
2000). Because no environment will satisfy everyone, the 
primary focus has been to identify conditions that will be 
acceptable to a large percentage of occupants. The current 
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organization of professional societies along discipline-
specific lines has meant that fewer resources have been 
directed at integrative studies examining interactions between 
several indoor environment parameters and occupant percep-
tion and performance.
The indoor environment gestalt experienced by occupants 
is a mix of thermal, visual, auditory, and olfactory stimuli, and 
this has been recognized in a small number of integrative stud-
ies. For example, Fanger et al. (1977) studied whether color and 
noise influence ambient temperature preference. They 
concluded that neither colors nor noise had significant effects on 
human thermal comfort. Wyon et al. (1978) investigated noise 
and heat stress as part of research on productivity under hot and 
cold conditions in South African factories. They found evidence 
that gender and age were important determinants of productiv-
ity and accident rates, and noted that: “Noise and comfortable 
warmth may therefore be considered to have opposing effects, 
whereas noise and uncomfortable heat act in the same direction” 
(p. 870). A gender difference was also found by Pellerin and 
Candas (2003), who studied the effects of noise and temperature 
on human discomfort. Lightly clothed subjects were individu-
ally exposed to a variety of uncomfortable ambient conditions 
for two hours in a climatic chamber. Results suggested that 
males preferred less noisy conditions, while females preferred 
thermoneutral conditions. Clausen et al. (1993) studied the rela-
tive importance of indoor air pollution, thermal load and noise 
on perceived discomfort, and concluded that a 1°C temperature 
change in a space with a good air quality has, on average, the 
same effect on human comfort as a 3.9 dB change in noise level. 
Santos and Gunnarsen (1997) studied links between preferred 
ambient temperature and three parameters: noise, air velocity 
and window size. They found that warmer ambient conditions 
were preferred when the costs associated with each of the other 
three parameters increased. More recently, Witterseh et al. 
(2004) investigated human perception and performance in an 
open-office type environment under three moderate to warm air 
temperatures and two acoustic conditions; one was quiet (35 
dBA), while the other simulated open-plan office noise (55 
dBA). They found that both louder noise and warmer tempera-
tures increased fatigue and decreased performance. 
This paper describes results from an experiment designed 
to investigate the combined effects of noise and temperature 
on both human comfort and performance, involving a range of 
thermal and ventilation noise conditions typically found in 
offices. The results of this project may help optimize the 
design of indoor environments by verifying the appropriate-
ness of individual criteria in more realistic contexts of 
combined stimuli, and identifying any interactive effects that 
exist for the range of variables studied.
METHODS AND PROCEDURES
Thirty human subjects (16 females, 14 males) were 
exposed twice to all combinations of five thermal conditions 
(PMV +1 [79.6°F:26.4°C], PMV +0.5 [75.8°F:24.3°C], PMV 
0 [72.1°F:22.3°C], PMV -0.5 [68.3°F:20.2°C], and PMV -1 
[64.6°F:18.1°C]), three RC noise levels (RC-30, RC-40, and 
RC-50, where RC denotes Room Criteria (ASHRAE 2007)) 
and two sound qualities (neutral denoted by ‘N’ and rumbly 
denoted by ‘R’). All subjects completed a series of screening 
tests to ensure adequate hearing, vision and typing skill.
The hearing test presented a series of tones in each ear, 
and subjects were asked to indicate whenever they heard a 
tone. A threshold of hearing less than or equal to 25 decibels 
was required at each of five octave frequency bands (250 Hz, 
500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz). The Keystone 
Ophthalmic Telebinocular was used to ensure that potential 
subjects would be able to read the tasks presented in the exper-
iment. This test presents subjects with a series of three-dimen-
sional images using a stereoscopic viewer, and provides a 
quick measure of phorias, fusion readiness, and binocular 
visual efficiency at far and near, stereopsis, visual acuity and 
color vision. Finally, all subjects completed a commercially 
available typing test to ensure they could type at least 20 words 
per minute (WPM).
Upon satisfactory completion of all three screening tests, 
subjects signed an informed consent form describing the 
experiment, and then were scheduled for the ten two-and-a-
half hour sessions required to complete the experimental 
protocol. Subjects were paid $14.00 for each completed 
session, along with a $60.00 bonus payment for completing all 
ten sessions (for a total of $200.00).
Testing Environment
The environment consisted of a test chamber, control 
room, and systems room. These rooms were constructed 
within a larger lab space in the Peter Kiewit Institute (PKI) at 
the University of Nebraska. 
Figure 1 shows the layout of the testing environment with 
desk and door locations. The rectangular cubes in each room 
show the positioning of the two workstations throughout the 
experiment.
The testing and control rooms are 10 ft (3 m) by 10 ft 10 
in (3.3 m) by 8 ft 6 in (2.6 m) with a dropped acoustical tile 
ceiling. The rooms are staggered metal double-stud construc-
tion with insulated 3/8” (1.0 cm) gypsum wall board (GWB) 
exterior and 3/4” (1.9 cm) GWB interior walls. The ceiling is 
insulated metal joist construction with 3/8” (1.0 cm) GWB 
underneath the insulation. Both rooms have a raised floor with 
gray low-pile carpet. Interior finishes include solid metal 
doors with acoustical gaskets and white semi-gloss paint.
The design and layout of the rooms was planned so that 
either room could be used for testing if there was ever a need 
to have more than one experiment set up at the same time. 
Since the mechanical systems used in this experiment were 
capable of conditioning only one room at a time, the room 
located furthest from the systems room was chosen as the test-
ing room.
Each room has a separate supply and return duct that run 
to the systems room. The supply duct in the testing room 
connected to a 10 in (25 cm) square ceiling diffuser located in 
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the center of the ceiling. The return duct in the testing room 
connected to a ceiling mounted return grille located in the 
corner near the door. Both ducts were partially lined to achieve 
the desired acoustical conditions in the room. 
The test chamber and control rooms were furnished with 
two pine-finish desks and two black computer chairs each. 
Computer monitors, keyboards and mice located at each desk 
in the testing chamber were connected to processors in the 
control room via cable extensions. This allowed subjects in the 
test chamber to perform computer tasks, while removing the 
sound generated by the processors from the chamber.
The systems room is 10 ft x 5 ft x 12 ft (3m x 1.5 m x 3.7 
m) with a bare concrete floor, and walls and ceiling similar to 
the testing and control rooms. Ducts leading to the test cham-
ber and control rooms protruded from one wall. This room is 
accessible on two sides by solid gasketed metal doors, and is 
supplied with cooling if necessary by two portable air condi-
tioning units vented into the larger lab space.
Mechanical Equipment
The thermal environment in the test chamber was regu-
lated by equipment located in the systems room. This equip-
ment provided the necessary heating, cooling, humidification, 
dehumidification, and ventilation required to provide the 
ambient thermal conditions used in the experiment. Two 
pieces of equipment were connected in parallel to achieve 
thermal control. The Mobile Building Automation System 
(BASMobile) is a fully controllable HVAC system on a cart 
that includes a chiller, a small ice storage system, a heating 
element, supply and return fans, a filter, humidifier, and 
supply, return, and outdoor air duct connections (Henze & 
Plamp 2005; Henze et al. 2005). This custom system was orig-
inally designed for use as an educational tool, and for supply-
ing small zones with conditioned air for testing purposes. A 
supplementary portable cooling unit was connected in parallel 
with the BASMobile, to provide additional cooling capacity 
required to achieve some of the cooler test conditions.
Thermal Conditions
The independent variable related to the thermal environ-
ment manipulated in this experiment is the predicted mean 
vote (PMV). PMV was studied at the following five values in 
the experiment: 1.0, 0.5, 0.0, -0.5, and -1.0, corresponding to 
conditions that subjectively range from slightly warm to 
slightly cool on the ASHRAE thermal comfort scale. Methods 
outlined in ISO 7730 were used to determine the combination 
of conditions that were used to produce these PMV values for 
the experiments (ISO 1994). 
Subjects wore their own clothing for the tests, but were 
given a dress code to ensure uniform clothing insulation value 
throughout all tests. Subjects were asked to bring their cloth-
ing to the test site and change into their test clothing after 
arrival. This avoided potential problems with perspiration on 
clothing worn in from the outdoors. The insulation value for 
the specified dress code was found in Annex A of ISO Stan-
dard 9920 (ISO 1995). The dress code included full length 
cotton dress pants, a long sleeve medium thickness cotton 
dress shirt with collar, dress socks between ankle and calf 
length, rubber sole leather or soft sole canvas shoes no higher 
than the ankles, and undergarments. This ensemble can be 
worn by men and women, is typical of that worn in office envi-
ronments, and has an insulating value of 0.75 clo. Effects 
related to the subject sitting on the chair were also considered. 
An additional insulation value of 0.12 clo was added 
(McCullough et al. 1994) for the type of chair used in the 
experiment. This gave an overall clothing insulation value of 
0.87 for the test subjects.
Several other parameters upon which PMV depends were 
maintained at constant or nearly constant values during the 
tests. The metabolic rate was taken to be equal to that 
measured in previous studies for sedentary activity or office 
work, at 1.2 met (70 W/m2) (ISO 1994). Relative humidity for 
the tests was maintained at approximately 50%. The local air 
velocity was also measured to be less than 0.1 m/s under each 
thermal condition. 
With these parameters, PMV can be correlated to opera-
tive temperature using ISO Standard 7730 (ISO 1994). The 
desired PMV values obtained for the operative temperatures 
were as follows: (PMV +1 [79.6°F:26.4°C], PMV +0.5 
[75.8°F:24.3°C], PMV 0 [72.1°F:22.3°C], PMV -0.5 
[68.3°F:20.2°C], and PMV -1 [64.6°F:18.1°C]).
Acoustical Equipment
Background noise signals used in the experiment were 
presented using two loudspeakers: a subwoofer located in 
one corner of the test chamber, complemented by a ceiling 
speaker with an identical appearance to the acoustical ceiling 
tile. A plan view showing the loudspeaker locations is shown 
in Figure 2. The loudspeakers were controlled by commer-
cially available digital processors and an amplifier. All test 
signals used in the experiment were generated by filtering 
white noise to obtain the desired spectrum at the locations of 
Figure 1 Layout of the testing environment.
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the listeners’ heads at the two desks, using commercially 
available sound processing software.
Acoustical Conditions
The measured reverberation time in the room at 500 Hz 
was 0.25 seconds, and the walls surrounding the room were 
rated with a Sound Transmission Class (STC) of 47 to mini-
mize external noise intrusion. With the exception of the adja-
cent control room occupied by the experimenters, the other 
spaces surrounding the test chamber were unoccupied 
throughout the experimental trials.
Six different sounds simulating background ventilation 
noise found in offices were used in this study. The background 
noises can be categorized in three RC noise levels (low [RC-30], 
medium [RC-40], and high [RC-50]) and two different spectral 
qualities (neutral represented by ‘N’ and rumbly represented by 
‘R’). The RC level for a noise condition is calculated by aver-
aging the sound levels measured in three mid-frequency octave 
bands (500 Hz, 1000 Hz, 2000 Hz). A neutral sound quality is 
one in which no particular frequency range dominates, while a 
rumbly sound quality is one with excessive low frequency 
energy. Table 1 lists the six noise conditions and their corre-
sponding dBA values. The neutral signals followed a slope of 
approximately -5 dB/octave band, which is the defined slope of 
RC curves. The noise signals with rumbly character were 
obtained through increasing the level of the 31.5, 63 and 125 Hz 
octave bands by five to ten decibels. Control over the 16 Hz 
octave band was limited due to the subwoofer frequency 
response and audio software capabilities. 
Illumination
Illumination in the test chamber was held constant 
throughout the experiment, provided by four luminaires 
located symmetrically in the ceiling, each containing two 
F32T8 cool white fluorescent lamps. Illuminance measure-
ments were collected following procedures established by 
the IESNA (2000 p. 2-35) to determine the average work-
plane illuminance, using a color- and cosine-calibrated 
Minolta T-10 M illuminance meter. The meter was placed on 
a tripod and kept at a constant height equal to that of the desk-
top (28.5 inches, .72m). Following IESNA recommendations 
(IESNA 2000), all lamps providing ambient illumination had 
been seasoned for an initial operating period of at least 100 
hours before measurements were collected. The average illu-
minance provided at the workplane in the test room was 85 
footcandles (915 lux). An average illuminance of 71 foot-
candles (764 lux) was provided at each of the two desktops.
Experimental Design
A repeated measures experimental design was used, in 
which all subjects were exposed twice to all combinations of 
conditions: 5 temperatures x 3 RC noise levels x 2 sound 
quality x 2 replicates. In a typical factorial experiment, the 
order in which subjects experience test conditions is random. 
In this case, two subjects were tested simultaneously, so both 
individuals experienced test conditions in the same random-
ized order. Further, all subjects tested on the same day were 
exposed to the same PMV condition, to avoid having to 
change the temperature of the room in the middle of the day. 
Within these constraints, subjects experienced ambient 
conditions in a randomized order. The experiment was 
divided into sessions, during which pairs of subjects were 
exposed to all six sound combinations (in a randomized order 
for each pair of participants) at a single PMV. Each session 
required approximately 2.5 hours to complete. Three sepa-
rate sessions were run each day, beginning at 9:00 AM, 12:00 
PM, and 3:00 PM. To complete the 60 test conditions, each 
subject returned for a total of ten sessions, with two at each 
of the five temperature conditions. Generally subjects were 
asked to test five days per week over a two week period at the 
same timeslot.
Figure 2 Loudspeaker locations.
Table 1.  Noise Conditions and their Corresponding 
A-Weighted Sound Level
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Dependent Variables
The effects of the independent variables (ambient temper-
ature, RC noise level and sound quality) on the opinions and 
performance of the subjects used in the experiment were 
assessed using three self-administered computer-based soft-
ware tools.
Thermal comfort was assessed using a survey based on 
the Tenant Survey Questionnaire, developed by Public Works 
and Government Services Canada (PWGSC) (Dillon & 
Vischer 1987a, 1987b). This instrument was originally devel-
oped by PWGSC to assess whether acceptable work environ-
ments were being provided in Canadian Federal Government 
buildings. It includes scales assessing air quality, thermal 
comfort, noise control, spatial comfort, privacy, lighting, and 
building noise control. Since surveys were administered using 
a computer, the rating scales presented to subjects did not 
appear exactly the same as on a paper-based questionnaire. 
The response format of the original Tenant Survey Question-
naire uses a five-point category response scale: this was modi-
fied so that the response dimensions presented to subjects 
appeared as a visual analog scale (VAS), rather than a category 
scale. Subject ratings using this VAS were scored using a 100 
point scale. The PWGSC survey instrument was supple-
mented with the ASHRAE Thermal Comfort Scale.
Self-administered computerized typing and number-
checking tasks were used to evaluate the effects of the inde-
pendent variables on human performance. The software 
modules used to administer these tasks were developed by the 
National Research Council Canada (Scovil, Newsham & 
Veitch 1995a, 1995b, 1995c, 1995d).
The typing task measured the speed and accuracy with 
which the user was able to retype text presented on the 
computer screen. It was designed to resemble typing profi-
ciency tests required of applicants seeking placement at agen-
cies for temporary office workers. Subjects were required to 
retype the paragraphs using correct spelling and punctuation. 
The typing task was allowed to run for 5 minutes before calcu-
lating a final score. Subjects were able to terminate the task 
early if they finished their paragraphs, but the length of para-
graphs was chosen so that this did not happen. The dependent 
variable was the mean number of characters typed per second. 
The number-checking task measured the speed and accu-
racy with which subjects were able to proofread columns of 
numbers: two side-by-side columns of 20 numbers with 10 
digits each appeared on the computer screen, and the subject’s 
task was to mark rows where the two numbers presented in 
each column differed by one digit, as quickly and accurately 
as possible. Differences between columns were randomly 
located in the 10-digit string and randomly distributed 
throughout the column. When one list was complete, a new list 
would appear, and subjects continued searching for errors in a 
set of seven successively presented number lists. The depen-
dent variable was the time required to complete the number list 
comparisons presented under each environmental condition 
(Rea 1986). 
Experimental Protocol
On the evening prior to testing, the following day’s 
required thermal condition was determined, and the thermal 
control system was set to achieve these conditions overnight. 
Each day of testing began with the launching of several 
temperature data loggers located in the test chamber. The ther-
mal environment in the test chamber was compared to the 
desired experimental condition for the day. If the thermal envi-
ronment in the test chamber differed from the required thermal 
environment, adjustments to the mechanical system were 
made to deliver the appropriate thermal condition to the test 
chamber. 
Files containing performance tasks for the experiment 
were installed to the appropriate directories on the computer 
controlling the presentation of tasks at each desk in the test 
chamber. A program on the control computer was launched to 
allow the activities displayed at each monitor in the test cham-
ber to be viewed by the experimenter on the control computer 
in the control room. Two-way radios for subject-experimenter 
communication were placed in the test chamber and control 
room. A water pitcher with room temperature water and cups 
were made available for the subjects in the test chamber. 
Subjects were not allowed other food or beverages during the 
tests.
Visual inspection of each subject’s clothing before the 
start of the experiment ensured dress code requirements were 
met. Subjects placed their belongings into totes in the control 
room and were allowed to use the restroom before the start of 
testing. Subjects were then seated in the test chamber to begin 
a one-hour thermal adaptation period. One hour thermal adap-
tation was selected as a conservative choice for minimizing 
any effects of initial thermal condition, based on research 
investigating thermal adaptation conducted by Shitzer et al. 
(1978), and Wyon et al. (1972, 1975, 1979).
Subjects were allowed to bring reading material or play 
computer solitaire during the adaptation period. A Powerpoint 
training module describing the experimental procedures and 
tasks was provided for review during the adaptation period at 
the first session. After the adaptation hour had passed, exper-
imental testing began.
Each subject completed typing, number-checking and 
subjective rating tasks for each acoustical condition, in that 
order. After both subjects had completed all tasks, the exper-
imenter changed the sound settings, and enabled the next set 
of tasks. A two-minute delay was observed between changing 
the sound conditions in the chamber and launching the next set 
of tasks, to allow subjects to adapt to the new sound condition.
Data Collection and Management
Thermal data including dry bulb temperature and relative 
humidity measured at the back of each subject’s chair, and 
operative temperature measured at the subwoofer location, 
were downloaded and archived at the end of each day. Within 
24 hours of collection, experimenters used actual testing times 
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recorded on the testing checklist to reduce this data into an 
average dry bulb temperature, relative humidity, and operative 
temperature experienced by each subject that day. These data 
were then recorded on a summary spreadsheet that included 
key task performance and thermal rating scores. This daily 
review was performed to prevent data loss and to serve as a 
check to ensure that any problems not identified through real 
time monitoring of ambient conditions would be quickly 
discovered.
Real-time acoustical data were not collected during the 
experiment; however the acoustical properties of the signals 
were measured at the location of the listeners’ heads and veri-
fied weekly. All signals remained stable throughout the entire 
period of the experiment.
All task performance and questionnaire survey data 
collected from each subject were archived in a separate folder 
on the computer from which they had been collected at the end 
of each day, and these data were also copied to an external hard 
disk drive. Once all subjects had completed the experimental 
protocol, the data were retrieved and organized according to the 
requirements of spreadsheet and statistical analysis software.
RESULTS
Subjective Ratings
Table 2 summarizes the statistical properties of subjective 
ratings given under the different ambient conditions. Inspec-
tion of these data shows that subjects were sensitive to the 
Table 2.  Mean and Standard Error for Subjective Ratings 
Under Different Environmental Conditions 
Thermal RC 30 RC 40 RC 50
Condition N R N R N R
Question 1: Temperature Comfort (0=’Bad’, 100=’Good’)
1.0 (80°F) 58 4 60 4 60 4 58 4 58 4 56 4
0.5 (76°F) 78 3 77 3 75 3 79 3 77 3 78 3
0.0 (72°F) 74 3 77 3 75 3 74 4 75 3 72 3
-0.5 (68°F) 60 4 58 4 54 4 53 4 55 4 50 4
-1.0 (64°F) 30 3 32 4 28 3 29 3 29 4 28 4
Question 2: How Cold It Gets (0=’Too Cold’, 100=’Comfortable’)
1.0 (80°F) 80 3 83 3 80 3 81 3 81 3 77 3
0.5 (76°F) 83 3 82 3 78 3 82 3 82 3 81 3
0.0 (72°F) 70 4 73 4 76 4 73 4 73 3 68 4
-0.5 (68°F) 55 4 52 4 48 4 47 4 48 4 45 4
-1.0 (64°F) 25 3 28 3 24 3 26 3 25 3 24 3
Question 3: How Warm It Gets (0=’Too Warm’, 100=’Comfortable’)
1.0 (80°F) 55 4 54 4 56 4 56 4 53 4 53 4
0.5 (76°F) 78 3 75 3 74 3 77 3 79 3 80 3
0.0 (72°F) 81 3 81 3 81 3 81 3 82 2 79 3
-0.5 (68°F) 76 3 76 3 77 3 72 3 76 3 75 3
-1.0 (64°F) 72 3 74 3 70 3 73 3 73 3 74 3
Question 4: Temperature Shifts (0=’Too Frequent’, 100=’Constant’)
1.0 (80°F) 79 3 75 3 77 3 76 3 78 3 74 3
0.5 (76°F) 81 3 81 2 78 3 78 3 78 3 79 3
0.0 (72°F) 78 3 82 3 79 3 78 3 79 3 74 3
-0.5 (68°F) 81 3 76 3 77 3 80 3 74 3 73 3
-1.0 (64°F) 78 3 77 3 75 3 72 3 72 3 72 4
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Question 5: Ventilation Comfort (0=’Bad’, 100=’Good’)
1.0 (80°F) 61 4 63 4 62 4 61 4 60 4 60 4
0.5 (76°F) 69 3 70 3 72 3 72 3 75 3 72 3
0.0 (72°F) 78 3 79 3 76 3 77 3 77 3 76 3
-0.5 (68°F) 79 3 76 3 82 3 80 3 79 3 77 3
-1.0 (64°F) 80 2 80 3 79 3 77 3 76 3 77 3
Question 6: Air Freshness (0=’Stale Air’, 100=’Fresh Air’)
1.0 (80°F) 62 4 59 3 60 4 61 3 60 4 59 4
0.5 (76°F) 68 3 70 3 70 3 72 3 73 3 72 3
0.0 (72°F) 79 3 78 3 75 3 77 3 77 3 75 3
-0.5 (68°F) 79 3 77 3 82 2 80 3 80 3 79 3
-1.0 (64°F) 80 2 80 2 80 3 79 2 80 3 78 3
Question 7: Air Movement (0=’Stuffy’, 100=’Circulating’)
1.0 (80°F) 54 4 54 3 55 4 53 4 54 4 52 4
0.5 (76°F) 64 3 63 3 65 3 68 3 67 3 70 3
0.0 (72°F) 74 3 73 3 73 3 74 3 75 3 75 3
-0.5 (68°F) 76 3 75 3 78 2 78 2 79 2 79 2
-1.0 (64°F) 74 3 75 3 75 3 76 3 75 3 76 3
Question 8: Noise Distractions (0=’Bad’, 100=’Not A Problem’)
1.0 (80°F) 77 3 76 3 63 4 60 4 51 4 44 4
0.5 (76°F) 79 3 79 3 61 3 60 4 51 4 39 4
0.0 (72°F) 75 3 73 4 59 4 57 4 47 4 44 4
-0.5 (68°F) 74 3 73 4 59 4 56 4 45 4 36 4
-1.0 (64°F) 76 3 73 4 63 4 57 4 49 4 42 4
Question 9: Background Office Noise (0=’Too Noisy’, 100=’Comfortable’)
1.0 (80°F) 79 3 80 3 69 4 64 4 59 4 55 4
0.5 (76°F) 84 2 83 3 67 4 69 4 63 4 54 4
0.0 (72°F) 79 3 77 3 66 4 64 4 57 4 54 4
-0.5 (68°F) 80 3 78 3 69 4 60 4 57 4 56 4
-1.0 (64°F) 81 3 76 3 70 4 65 4 60 4 54 4
Question 10: Specific Office Noises (Voices and Equipment) (0=’Disturbing’, 100=’Not A Problem’)
1.0 (80°F) 83 3 84 3 74 4 76 3 73 4 71 4
0.5 (76°F) 83 3 87 3 76 4 76 4 76 4 71 4
0.0 (72°F) 77 4 80 3 70 4 71 4 68 4 66 4
-0.5 (68°F) 78 3 84 3 71 4 67 4 71 4 65 4
-1.0 (64°F) 80 3 80 4 78 3 74 3 67 4 65 4
Table 2.  Mean and Standard Error for Subjective Ratings 
Under Different Environmental Conditions (continued)
Thermal RC 30 RC 40 RC 50
Condition N R N R N R
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Question 11: Electrical Lighting (0=’Bad’, 100=’Good’)
1.0 (80°F) 81 3 82 3 81 3 82 3 80 3 79 3
0.5 (76°F) 80 3 80 3 80 3 81 3 80 3 79 3
0.0 (72°F) 83 3 82 3 81 3 81 3 82 3 81 3
-0.5 (68°F) 84 3 82 3 84 3 82 3 80 3 79 3
-1.0 (64°F) 81 3 80 3 78 3 78 3 79 3 78 3
Question 12: How Bright Lights Are (0=’Too Much Light’, 100=’Not Too Bright’)
1.0 (80°F) 69 3 71 3 70 3 70 3 70 3 68 3
0.5 (76°F) 70 3 70 3 72 3 70 3 71 3 69 3
0.0 (72°F) 74 3 72 3 72 3 71 3 73 3 73 3
-0.5 (68°F) 74 3 75 3 73 3 72 3 71 3 70 3
-1.0 (64°F) 70 3 70 3 70 3 70 3 70 3 69 3
Question 13: Glare From Lights (0=’High Glare’, 100=’No Glare’)
1.0 (80°F) 76 3 77 3 77 3 78 3 77 3 75 3
0.5 (76°F) 78 3 78 3 82 3 78 3 76 3 77 3
0.0 (72°F) 79 3 78 3 78 3 76 3 78 3 79 3
-0.5 (68°F) 81 3 81 3 81 3 79 3 78 3 77 3
-1.0 (64°F) 77 3 79 3 78 3 77 3 76 3 77 3
Question 14: Noise From Air Systems (0=’Disturbing’, 100=’Not A Problem’)
1.0 (80°F) 79 3 78 3 63 4 56 4 49 4 43 4
0.5 (76°F) 80 3 82 3 65 4 59 4 49 5 39 5
0.0 (72°F) 77 3 79 3 61 4 57 4 48 4 44 5
-0.5 (68°F) 80 3 77 3 62 4 57 4 45 4 43 4
-1.0 (64°F) 78 3 76 4 64 4 58 4 49 4 42 5
Question 15: Noise From Office Lighting (0=’Buzz/Noisy’, 100=’Not A Problem’)
1.0 (80°F) 92 2 93 1 91 2 91 2 89 2 89 2
0.5 (76°F) 91 2 90 2 89 2 88 2 89 2 87 2
0.0 (72°F) 90 2 91 2 90 2 87 2 87 2 88 2
-0.5 (68°F) 91 2 91 2 89 2 86 3 87 3 84 3
-1.0 (64°F) 91 2 89 2 88 3 89 2 86 3 83 3
Question 16: Noise From Outside the Building (0=’Disturbing’, 100=’Not A Problem’)
1.0 (80°F) 91 3 89 3 91 2 90 2 91 2 92 2
0.5 (76°F) 89 3 90 2 87 3 86 2 89 2 87 3
0.0 (72°F) 86 3 85 3 86 3 85 3 85 3 87 3
-0.5 (68°F) 86 3 85 3 88 2 87 3 86 3 83 3
-1.0 (64°F) 86 3 86 3 86 3 83 3 83 3 82 3
Table 2.  Mean and Standard Error for Subjective Ratings 
Under Different Environmental Conditions (continued)
Thermal RC 30 RC 40 RC 50
Condition N R N R N R
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environmental manipulations presented in the experiment, 
and that these manipulations had expected effects, as 
expressed in the dependent measures. For example, subjects 
were more comfortable when the ambient temperature was 
76°F and 72°F, than when the ambient temperature was either 
80°F, 68°F or 64°F. Subjective ratings of distractions from 
noise showed that rumbly noise was more distracting than 
neutral noise, and that the distraction increased as the signals 
got louder. Since lighting remained constant throughout the 
experimental trials, glare from the lights remained stable as 
ambient temperature and noise were varied, as expected.
Task Performance Measures
Table 3 summarizes the effects of ambient conditions on 
the mean number of characters typed per second under the 
different environmental conditions. The ambient conditions 
did not have an appreciable effect on the typing speed, as this 
remained relatively constant despite variation in ambient 
temperature and sound: the difference between the maximum 
and minimum was 0.16 characters typed per second (3.15 cps 
– 2.99 cps). Table 4 summarizes the effects of ambient condi-
tions on the mean time required to complete the number-
checking task, in seconds. The ambient conditions did not 
have an appreciable effect on the time required to complete the 
number-checking task, as this remained relatively constant 
despite variation in ambient temperature and sound.
Statistical Analysis
Statistical analysis procedures provide an objective 
method to confirm and extend the conclusions concerning the 
effects of the independent variables on the dependent 
measures. The experimental design used in this study had five 
factors, as follows: 5 (temperature) x 3 (RC noise level) x 2 
(sound quality) x 2 (replicate) x 2 (gender) design, with 
repeated measures on all factors except gender, which was a 
between-subjects factor in the analysis. Analysis of variance 
(ANOVA) was used to evaluate the effects of the different 
independent variables on the dependent measures collected in 
the experiment.
Not all dependent measures were included in the analysis. 
Including more than 20 dependent measures would greatly 
increase the likelihood that statistically significant effects 
would arise due to chance variation, complicating interpreta-
tion. As a result, the following dependent measures were 
included in an analysis of variance:
Question 17: Overall Satisfaction With This Environment (0=’Dissatisfied’, 100=’Very Satisfied’)
1.0 (80°F) 59 4 57 4 49 3 46 3 41 4 36 3
0.5 (76°F) 69 3 72 3 60 3 59 3 52 4 43 4
0.0 (72°F) 68 3 67 4 58 3 57 4 50 4 43 4
-0.5 (68°F) 59 4 60 3 48 3 43 3 39 3 33 3
-1.0 (64°F) 36 3 38 4 32 3 31 3 26 3 23 3
Question 18: How Space Affects Ability To Do Work (0=’Makes It Difficult’, 100=’Makes It Easy’)
1.0 (80°F) 60 4 56 4 51 3 49 3 43 4 40 3
0.5 (76°F) 68 3 72 3 61 3 59 4 54 4 43 4
0.0 (72°F) 67 3 68 4 58 3 56 3 50 3 43 4
-0.5 (68°F) 60 4 59 3 49 3 44 3 42 3 35 3
-1.0 (64°F) 37 3 38 4 33 3 32 3 28 3 25 3
Question 19: Thermal Comfort Rating (from 1=’Cold’ to 7=’Hot)
1.0 (80°F) 5 0 5 0 5 0 5 0 5 0 5 0
0.5 (76°F) 4 0 4 0 4 0 4 0 4 0 4 0
0.0 (72°F) 3 0 3 0 3 0 3 0 3 0 3 0
-0.5 (68°F) 3 0 3 0 2 0 2 0 2 0 2 0
-1.0 (64°F) 2 0 2 0 2 0 2 0 2 0 2 0
Table 2.  Mean and Standard Error for Subjective Ratings 
Under Different Environmental Conditions (continued)
Thermal RC 30 RC 40 RC 50
Condition N R N R N R
©2010, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). Published in ASHRAE Transactions (2010, Vol. 116, Part 2). 
For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.
©2010 ASHRAE 531
• The two performance measures; 
• The five-category ASHRAE Thermal Comfort rating 
scale data. 
In addition, composite scores were created for the subjec-
tive rating data, as recommended by Dillon and Vischer 
(1987b), as follows: 
• Thermal Comfort Composite Score was the mean of rat-
ings collected on questions assessing temperature com-
fort, how cold it gets, and temperature shifts; 
• Noise Control Composite was the mean of ratings col-
lected on questions assessing noise distractions, back-
ground office noise level, and specific office noises due 
to voices and equipment; 
• Building Noise Control Composite was the mean of rat-
ings collected on questions assessing noise from air sys-
tems, noise from office lighting, and noise from outside 
the building.
Since more than one ANOVA is conducted, it is necessary 
to correct the nominal alpha level required to achieve statisti-
cal significance. For example, if five separate ANOVA’s are 
run with a nominal alpha level of .05, the actual alpha level for 
the five tests is actually .05 x 5 = .25. In this case, at least one-
quarter of the comparisons reaching statistical significance at 
a nominal alpha level of .05 would have arisen due to chance 
variation. Bonferroni correction divides the nominal alpha 
level by the number of tests (e.g., .05/5 = .01) to “protect” the 
alpha level across the different comparisons (Field 2005).
Independent ANOVA’s were carried out on four subjec-
tive measures. Bonferroni correction was applied to correct 
the nominal alpha level of .05: with four tests the alpha level 
required to achieve statistical significance is .0125.
ASHRAE Thermal Comfort Scale
At the protected alpha level, only the main effect of 
temperature was statistically significant. (F(4,112)=155.447, 
p < .001). Figure 3 depicts the main effect of temperature, and 
the interaction of temperature and gender on the thermal 
comfort scale rating, although this interaction did not achieve 
statistical significance at the protected alpha level: females 
rated the lower temperatures as colder than males.
Tenant Survey Questionnaire  
Thermal Comfort Composite
At the protected alpha level, the main effects of temper-
ature (F(4,112)=47.198, p < .0001) and RC noise level 
(F(2,56)=12.750, p < .0001) were statistically significant, as 
were the interactions of temperature x gender 
(F(4,112)=6.360, p < .0001), and replicate x gender 
Table 3.  Mean and Standard Error for Typing Score (Number of Characters Typed per Second) 
Under Different Environmental Conditions
Thermal 
Condition
RC 30 RC 40 RC 50 
N R N R N R
1.0 (80°F) 3.09 0.19 3.10 0.19 3.08 0.17 3.04 0.18 3.10 0.18 3.06 0.17
0.5 (76°F) 3.11 0.17 3.15 0.18 3.08 0.17 3.12 0.19 2.99 0.17 3.09 0.18
0.0 (72°F) 3.11 0.18 3.12 0.17 3.11 0.17 3.07 0.18 3.11 0.17 3.09 0.17
-0.5 (68°F) 3.10 0.18 3.12 0.18 3.10 0.17 3.15 0.19 3.09 0.17 3.10 0.19
-1.0 (64°F) 3.05 0.18 3.15 0.17 3.01 0.16 3.08 0.17 3.14 0.18 3.11 0.18
Table 4.  Mean and Standard Error for Time Required to Complete Number-Checking Task (seconds) 
Under Different Environmental Conditions
Thermal 
Condition
RC 30 RC 40 RC 50 
N R N R N R
1.0 (80°F) 290 4 292 3 289 4 293 3 290 3 284 6
0.5 (76°F) 292 3 293 3 291 3 295 2 291 3 277 9
0.0 (72°F) 284 6 280 7 289 4 286 6 284 6 290 3
-0.5 (68°F) 274 8 275 8 269 9 280 6 280 7 282 6
-1.0 (64°F) 284 6 284 6 290 4 289 4 285 6 290 4
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(F(1,28)=7.933, p < .009). Figure 4 depicts the interaction of 
temperature and gender on the thermal comfort composite 
rating. Females rated lower temperatures more disturbing than 
males, and the higher temperatures more pleasant than males. 
Thermal comfort ratings from males and females were about 
the same at 72°F.
Figure 5 depicts the interaction of replicate and gender on 
the thermal comfort composite rating. The average ratings of 
thermal comfort collected from females were slightly lower 
(more uncomfortable) than males at the first replicate: the 
difference in thermal comfort as rated by males versus females 
was less at the second replicate.
Figure 6 depicts the main effect of RC noise level on the 
mean thermal comfort composite rating. Subjects rated the 
thermal environment as slightly less comfortable as the RC 
level increased from RC-30 to RC-50. In absolute terms, this 
was a small effect: the difference in the mean thermal comfort 
composite score from RC-30 to RC-50 was only 2.8 points on 
a 100 point scale. This effect was slightly greater for females 
than males, although the gender by RC noise level interaction 
did not achieve statistical significance at the protected alpha 
level.
Tenant Survey Questionnaire  
Noise Control Composite
At the protected alpha level, the main effects of RC noise 
level (F(2,56)=29.441, p < .0001) and sound quality 
(F(1,128)=12.316, p < .0001) were statistically significant, as 
was the interaction of RC noise level x sound quality 
(F(2,56)=5.878, p < .005).
Figure 7 depicts the interaction of RC noise level and 
sound quality on the subjective noise control composite rating. 
Figure 3 Mean overall thermal comfort score for females and males under different ambient temperatures.
Figure 4 Mean thermal comfort composite score for females and males under different ambient temperatures.
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Figure 5 Mean thermal comfort composite score for females and males at first and second exposure to ambient conditions.
Figure 6 Mean thermal comfort composite score for females and males under different ambient RC levels of noise.
Figure 7 Mean noise control composite score as a function of RC level and spectral quality of the noise.
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The rumbly and neutral sounds were similar at RC-30, but 
diverged at RC-40 and RC-50, with the rumbly sound being 
more annoying.
Figure 8 portrays the interaction between replicate and 
gender on the noise control composite rating, which did not 
achieve statistical significance at the protected alpha level. 
Ratings from males were about the same at the two replicates, 
whereas females rated the acoustical environment as slightly 
better at the second replicate.
Tenant Survey Questionnaire  
Building Noise Composite
At the protected alpha level, the main effects of RC noise 
level (F(2,56)=20.698, p < .0001), sound quality 
(F(1,28)=15.671, p < .0001) and replicate (F(1,28)=7.992, p < 
.009) were statistically significant.
Figure 9 depicts the mean building noise composite rating 
as a function of RC noise level and gender. Perceived building 
noise worsened as RC level increased from RC-30 to RC-50. 
The difference in ratings from RC-30 to RC-50 was slightly 
greater for females than males, although this interaction was 
not statistically significant at the protected alpha level.
Figure 10 depicts the mean building noise composite 
rating as a function of sound quality and replicate, for males 
and females separately. The mean building noise composite 
ratings were worse as sound quality changed from neutral to 
rumbly. However, subjects seemed to adapt to the change in 
sound quality, as ratings on the first replicate were lower 
Figure 8 Mean noise control composite score as a function of gender and replicate.
Figure 9 Mean building noise control composite score as a function of the RC level of the noise and gender.
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(worse) than ratings on the second replicate. In turn, these 
effects were moderated slightly by gender, with the females 
showing more consistent ratings than the males (although the 
sound quality by replicate by gender interaction was not statis-
tically significant at the protected alpha level).
Task Performance
Independent ANOVA’s were carried out on the two task 
performance measures. Bonferroni correction was applied to 
correct the nominal alpha level of .05: with two tests the alpha 
level required to achieve statistical significance is .025.
None of the main effects or interactions associated with 
the time required to complete the number-checking task 
achieved statistical significance.
The only factor that achieved statistical significance in the 
case of typing score was replicate (F(1,28)=32.250, p < .001). 
Typing speed increased slightly on the replicate trial, relative 
to the number of characters per second subjects were able to 
type on the first replicate. It should be noted that this was a 
very small difference of .183 additional characters typed per 
second at the second replicate relative to the first. The replicate 
effect as a function of ambient temperature is depicted in 
Figure 11.
Figure 10 Mean building noise control composite score as a function of the spectral quality of the noise and gender for (a) 
males and (b) females.
(a)
(b)
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DISCUSSION AND CONCLUSION
The results of this experiment show that subjective ratings 
of thermal comfort can be affected by the acoustical environ-
ment, but that subjective ratings of building or office noise are 
not affected by the thermal environment. Subjects showed a 
slight tendency to rate the thermal environment as less 
comfortable (colder) as the RC noise level increased from RC-
30 to RC-50. In absolute terms, this was a very small effect: the 
difference in the mean thermal comfort composite scores as 
the RC noise level was increased from RC-30 to RC-50 was 
only 2.8 points on a 100 point scale. The function that 
describes the relationship between the mean thermal comfort 
composite ratings (y) and RC noise level (x) is:
Mean thermal comfort composite rating (MTCC) (y) 
= –0.135x + 71.1 (1)
Over the range of conditions studied, a 7 point increase in 
the RC rating of the noise level would be required to produce 
a 1 point (1%) decrease in the mean thermal comfort compos-
ite rating. Sound quality (whether the sound signal was neutral 
or rumbly) did not influence the thermal comfort rating.
There were also subtle differences in the way males and 
females experienced the thermal environment. Females rated 
the lower temperatures colder than males, and the higher 
temperatures more pleasant than males: thermal comfort 
composite ratings from males and females converged at about 
72°F. The function describing the relationship between the 
mean thermal comfort composite ratings (y) and temperature 
in degrees Fahrenheit (x) for males is:
MTCC Males (y) = –0.0169x3 + 3.45x2 
                            –232x + 5181 (2)
The function describing the relationship between the 
mean thermal comfort composite ratings (y) and temperature 
(in degrees Fahrenheit) (x) for females is:
MTCC Females (y) = –0.00911x3 + 1.66x2 
                               –93.6x + 1630 (3)
Thermal adaptation also depended on gender. The aver-
age ratings of thermal comfort from females were lower (more 
uncomfortable) than males the first time they experienced the 
thermal condition (the first replicate): the difference in ther-
mal comfort as rated by males versus females was less at the 
second replicate.
Although the thermal environment did not affect subjec-
tive ratings of the acoustical properties of the space, the 
subjective ratings of noise control and building noise control 
were affected by the RC noise level and sound quality, as 
would be expected. Sound quality had a small effect on subjec-
tive ratings of noise control and building noise control, with 
rumbly sounds rated worse than neutral sounds.
There were no effects of RC noise level, sound quality, or 
ambient temperature on the two task performance measures 
over the range of conditions studied. This may reflect the rela-
tively short time period during which these tasks were admin-
istered: recall that after an initial adaptation period of one hour 
to acclimatize to the ambient temperature, subjects were 
exposed to the different sound conditions in sequence, with a 
two minute sound adaptation period followed by five minutes 
to complete each typing task, and another five minutes to 
complete the number-checking task.
Ryherd and Wang (2007) recently reported a study in 
which subjects were exposed to a variety of ventilation-type 
noise signals (ranging from 39 dBA to 51 dBA, with various 
Figure 11 Main effect of replicate on mean typing speed observed under different ambient temperatures.
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spectral qualities) for 20, 40, 80 and 240 minutes. During the 
20 minute test, subjects adapted to the ambient conditions for 
5 minutes, then were allowed 15 minutes to complete a series 
of computer-based typing, grammatical reasoning and math-
ematical tests and subjective questionnaires. For all the other 
intervals, subjects adapted to the ambient conditions for 25 
minutes while mentally staying active by working on a paper-
based task, before beginning each 15 minute sequence of 
computer-based tasks and questionnaires. Ryherd and Wang 
(2007) found that exposure time did not affect performance on 
any of the measures studied. Given the length of the longest 
exposure time involved (240 minutes), their study suggests 
that exposing subjects to the ventilation-type noise conditions 
for a longer time interval would not likely have made any 
difference to the findings reported here.
The study by Witterseh et al. (2004) indicated that 
subjects exposed to a louder noise condition (55 dBA) over a 
3 hour period did demonstrate decreased workrate on an addi-
tion task by 3%, plus subjects who felt warm made signifi-
cantly more errors. Their test conditions, however, differed 
from those in this investigation, since their warmest tempera-
ture was greater than those herein and their loud noise condi-
tion simulated open-plan office noise with a much more 
disruptive nature than ventilation noise.
Finally, these results suggest that using human observers 
as measurement tools to assess the quality of indoor environ-
ments presents both opportunities and challenges. Many 
industries make effective use of trained human observers as 
calibrated measuring devices to assess important characteris-
tics of products that cannot be measured any other way (e.g., 
Hunter & Harold 1987; Kramer & Szczesniak 1973; Moskow-
itz 1984). On the other hand, there is considerable evidence 
that uncalibrated human observers are inaccurate measure-
ment devices (e.g. Poulton 1975, 1994; Rea 1982; Tiller & Rea 
1992). These inaccuracies are at least partly due to biases in 
judgment processes, an area that has received extensive study 
by several branches of psychology (e.g. Kelley 1980; Ross 
1978a, 1978b; Slovic et al. 1982; Tversky & Kahneman 1982). 
Generally, this research shows that human judges are guided 
by heuristic strategies that often lead them to the wrong 
conclusion.
The same heuristics described by Slovic et al. (1982), and 
Tversky and Kahneman (1982), also apply to office occupants 
and building managers, who must decide what indoor envi-
ronment variables are responsible for any symptoms of 
discomfort before strategies to solve these problems can be 
identified and implemented. Occupants and building manag-
ers are undoubtedly very sensitive to changes in the indoor 
environments that surround them. However, it is unlikely that 
either occupants or building managers conduct an exhaustive 
analysis of all the possible factors that might be responsible for 
nonspecific discomfort, before deciding on the most likely 
cause. More likely, occupants undertake a nonexhaustive 
causal analysis, ceasing once a probable or salient cause for 
their symptoms has been identified. Subjective judgments of 
causal probability or salience are unlikely to be based on 
statistical evidence. As Slovic et al. (1982) have noted "people 
respond to the hazards they perceive. If their perceptions are 
faulty, efforts at personal, public, and environmental protec-
tion are likely to be misdirected" (p. 463). Without systematic 
occupant assessment protocols that follow principles of statis-
tical sampling, incorrect diagnosis and prescription are a 
distinct possibility. Fortunately, ASHRAE has been prominent 
in the development and promulgation of subjective assessment 
methods and tools for application in buildings (e.g., Federspiel 
1998; Federspiel et al. 2004; Newsham & Tiller 1997). The 
challenge is to ensure that these methods and tools are applied.
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